US007298656B2
a2 United States Patent (10) Patent No.: US 7,298,656 B2
Minzoni 45) Date of Patent: Nov. 20, 2007
(54) PROCESS MONITORING BY COMPARING 5,072,138 A * 12/1991 Slemmer et al. .............. 326/16
DELAYS PROPORTIONAL TO TEST 5,486,786 A * 1/1996 Le€ .coovirviniiiiniinininnnnnn, 327/378
VOLTAGES AND REFERENCE VOLTAGES 5,523,977 A 6/1996 Tobita et al. ............... 365/201
5,629,944 A 5/1997 Kagami ........c............ 371/21.4
(75) Inventor: Alessandro h/[inz.)ni:j Monisvﬂlej NC 5,631,596 A * 5/1997 SpOI’Cl( etal. .............. 327/378
(US) 5,923,674 A 7/1999 Nakadar .................... 371/21.4
6,370,676 Bl 4/2002 Hayashi et al. ................ 716/6
(73) Assignee: Infineon Technologies AG, Munich 6,960,926 B2* 11/2005 Anderson et al. ......... 324/766
(DE) 7,061,305 B2* 6/2000 Kim .ooovvivviviiniiinninninnns 327/535
7,135,896 B2* 11/2006 Kobayashi .................. 327/108
(*) Notice:  Subject to any disclaimer, the term of this 7,183,803 B2*  2/2007 SONG rvvvoeorreeirrr 326/82
2007/0132443 Al* 6/2007 LaBerge .................. 324/158.1

patent 1s extended or adjusted under 35

U.S.C. 1534(b) by 617 days.
* cited by examiner

(21) Appl. No.: 10/836,753 _ _ _
Primary Examiner—Richard T. Elms

(22) Filed: Apr. 30, 2004 Assistant Examiner—Alexander Sofocleous
(74) Attorney, Agent, or Firm—Dicke, Billig & Czaja,
(65) Prior Publication Data PLLC
US 2005/0246598 Al Nov. 3, 2005 (57) ABSTRACT
51) Int. CI.
Gl (;1 11C 7/00 (2006.01) An evaluation circuit includes a test circuit configured to

provide a test voltage indicative of a characteristic of a
semiconductor device, a reference circuit configured to
provide a {first reference voltage, a first delay circuit con-
figured to convert the test voltage into a first delay, a second
delay circuit configured to convert the first reference voltage
into a second delay, and a first latching circuit configured to
(56) References Cited determine a relationship between the first delay and the
second delay.

(52) US.CL ................. 365/194; 365/201; 365/189.05

(58) Field of Classification Search ............. 324/158.1,
324/537, 763, 765; 327/42; 365/189.09,
365/194, 201, 189.05; 714/724; 716/6

See application file for complete search history.

U.S. PATENT DOCUMENTS
5,068,547 A * 11/1991 Gascoyne .................... 326/16 32 Claims, 11 Drawing Sheets

108

¥

124 132

TEST
CIRCUIT

120 |REFERENCE

VINT CIRCUIT
126 134

128 136

VINT

130 138 140
INVERTER INVERTER
CHAIN CHAIN 158
- D1
122
CLK 146 A54 LATCH
| 160
D2
INVERTER INVERTER
CHAIN CHAIN
156
150
| L 144 | 152
140 | REFERENCE 1201 tEST
VINT CIRCUIT VINT CIRCUIT




U.S. Patent Nov. 20, 2007 Sheet 1 of 11 US 7,298,656 B2

/1 00
102 106
VOLTAGE/
PROCESS o4
EVALUATOR MEMORY

DEVICE




AN |

11N0dIO LNIA 11NOdIO INIA

1 1s3l [ 3 o] [FONBER

US 7,298,656 B2

0S| ad)
o1e])
NIVHO NIVHO

- NETRELN HILHIANI

- QY|

- Z2Q

. 091

g HO1V S o M1
Z aA)

LQ

o G| NIVHO NIVHO

= HILHIANI YILHIANI

! Ol Qe | 0E1

g |

z

Z oc! TA)

pe| oYA)
LINDHID LNIp LINDHID INIA

= EINEIEEEN] N 1s3al | o3
=
A ZE 1 A
/2 80 \
-



U.S. Patent Nov. 20, 2007 Sheet 3 of 11 US 7,298,656 B2

128
126
130
CLK
122 200a  200b 200(n) 202(N)
Fig. 3a
{128
35— INT 350 VINT 390 VINT
212a 2002 212b 200b 212(n)
214a_y ¥ 214b 214(n)
202a 130
CLK
122 202(n)
2163 216b 216(n)
218a 218b 218(n)
126 220a 220b 220(n)
2223 222(n)
“—224 224 ¥—224

Fig. 3b



U.S. Patent Nov. 20, 2007 Sheet 4 of 11 US 7,298,656 B2

140

D2

144
VREF

324 328

330

326
224

e Fig. 6
Fig. 5



U.S. Patent Nov. 20, 2007 Sheet 5 of 11 US 7.298.656 B2

124 331

120 Vpiv
VINT 126
140
128 332
INVERTER 138 D1
CHAIN
122

CLK LATCH
INVERTER 160
CHAIN D2
142 334
120 144
VINT
VREF _
Fig. 7
150a
VINT 4 VINT
320 320
340 3600
342 362
152a 1343
VM VnR
344
346
3604
348 352
350 366
224M—224 —9924

KFig. 8



U.S. Patent Nov. 20, 2007 Sheet 6 of 11 US 7,298,656 B2

132a 368

120 VAR /
VINT 134a
140
13623 138a
INVERTER 138 D1
CHAIN
122

CLK L ATCH
INVERTER 160
CHAIN D2
150a 156a
120 152a
VINT
VnM
Fig. 10
150b 132b
VINT VINT ¥ V ¥
320 320 300~
402
422
404
408
VpM VoR

134b

424

426

224 v—224

Fig. 11




U.S. Patent Nov. 20, 2007 Sheet 7 of 11 US 7.298.656 B2

132b /428

120 \/
140
136b 138b
INVERTER 138 D1
CHAIN
122

CLK LATCH
INVERTER 160
CHAIN D2
150b 156b
120 152b
VINT

Fig. 13



U.S. Patent Nov. 20, 2007 Sheet 8 of 11 US 7,298,656 B2

ViNT 500

320
501

502

206

10

512

VinRF

514
016

o

020

VnRFF

v—224

KFig. 14



U.S. Patent Nov. 20, 2007 Sheet 9 of 11 US 7,298,656 B2

021

504—YNRSS 530
522
INVERTER > 932
CHAIN Dnla
L ATCH
534
INVERTER
CHAIN DnZa
152a—4'VnM
508—V 550
RS 4o
INVERTER > O
CHAIN On1b
LATCH
554
INVERTER
CHAIN Dn2b
142 152a—43VnM
CLK 512—VnRF 570
562
INVERTER >0 JL
CHAIN On'lc
L ATCH
574
INVERTER
CHAIN Dn2c
152a—4'VnMm
516—V 590
nRFF
INVERTER >0 %2
CHAIN Ond
LATCH
594
INVERTER
CHAIN Dn2d

152a—VnM

Fig. 15



U.S. Patent Nov. 20, 2007 Sheet 10 of 11 US 7,298,656 B2

600
VINT
320
602
o
606
VPRFF
608
610
VpRF
612
614
VpRS
616
618
VpRSS
619
620
v—224

Fig. 16



U.S. Patent Nov. 20, 2007 Sheet 11 of 11 US 7,298,656 B2

621\
606— VpRFF 630
622
INVERTER o 632
CHAIN Dpla
L ATCH
634
INVERTER
CHAIN DpZ2a
650
652
Dp1b
| ATCH
654
INVERTER
CHAIN Dp2b
122
CLK 670
672
Dp1C
| ATCH
674
INVERTER
CHAIN DpZ2c
690
692
Dp1d
L ATCH
694
INVERTER
CHAIN Dp2d

A VpM



US 7,298,656 B2

1

PROCESS MONITORING BY COMPARING
DELAYS PROPORTIONAL TO TEST
VOLTAGES AND REFERENCE VOLTAGES

BACKGROUND

In semiconductor manufacturing, it 1s diflicult to design
and build a semiconductor chip having the same process for
a positive channel field eflect transistor (pFET) or negative
channel field eflect transistor (nFET) and the same charac-
teristics 1 every batch of chips. Varying processes and
characteristics of semiconductor chips from chip to chip can
allect the performance of the semiconductor chip including
the electrical behavior, set-up and hold times, ofl chip driver
slew rate, etc. Sometimes these varying processes and
characteristics can be so extreme that the semiconductor
chip fails to meet specifications.

A representative pFET or nFET of a semiconductor chip
can be tested to determine whether the process for the pFETs
and nFETs 1n the chip are fast (strong) or slow (weak). Based
on the test results, action can be taken to offset any unde-
sirable characteristics of the semiconductor chip due to the
process. In addition, 1f an external voltage supplied to the
semiconductor chip varies, by determiming the variation,
action can be taken to adjust for any eflects the vanation
may cause. For example, by evaluating the characteristics of
a pFET, nFET, and/or external voltage supplied to the
semiconductor chip, an ofl-chip driver (OCD) on the chip
can be adjusted as needed to compensate for any eflects due

to vaniations in the characteristics tfrom nomainal values.

SUMMARY

One embodiment of the invention provides an evaluation
circuit. The evaluation circuit comprises a test circuit con-
figured to provide a test voltage indicative of a characteristic
ol a semiconductor device, a reference circuit configured to
provide a first reference voltage, a first delay circuit con-
figured to convert the test voltage into a first delay, a second
delay circuit configured to convert the first reference voltage
into a second delay, and a first latching circuit configured to
determine a relationship between the first delay and the
second delay.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are better understood with
reference to the following drawings. The elements of the
drawings are not necessarily to scale relative to each other.
Like reference numerals designate corresponding similar
parts.

FIG. 1 1s a block diagram 1illustrating one embodiment of
a memory system having a voltage/process evaluation cir-
cuit.

FI1G. 2 1s a block diagram illustrating one embodiment of
a voltage/process evaluation circuit.

FIGS. 3a and 35 are schematic diagrams illustrating one
embodiment of a current starved inverter chain.

FIG. 4 1s a schematic diagram illustrating one embodi-
ment of a latch.

FIG. 5 1s a schematic diagram illustrating one embodi-
ment of a test circuit for evaluating a supplied voltage.

FIG. 6 1s a schematic diagram illustrating one embodi-
ment of a reference circuit for evaluating a supplied voltage.

FI1G. 7 1s a block diagram illustrating one embodiment of
an evaluation circuit for evaluating a supplied voltage.
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FIG. 8 1s a schematic diagram 1illustrating one embodi-
ment of a test circuit for evaluating the process of a negative
channel field effect transistor (nFET).

FIG. 9 1s a schematic diagram 1llustrating one embodi-
ment of a reference circuit for evaluating the process of an
nFET.

FIG. 10 1s a block diagram illustrating one embodiment of
an evaluation circuit for evaluating the process of an nFET.

FIG. 11 1s a schematic diagram illustrating one embodi-
ment of a test circuit for evaluating the process of a positive
channel field effect transistor (pFET).

FIG. 12 1s a schematic diagram illustrating one embodi-
ment of a reference circuit for evaluating the process of a
pFET.

FIG. 13 1s a block diagram 1illustrating one embodiment of
an evaluation circuit for evaluating the process of a pFET.

FIG. 14 1s a schematic diagram illustrating one embodi-
ment of a reference circuit for providing multiple reference
signals for evaluating the process of an nFET.

FIG. 15 1s a block diagram illustrating one embodiment of
an evaluation circuit having multiple latches for evaluating
the process of an nFET.

FIG. 16 1s a schematic diagram illustrating one embodi-
ment of a reference circuit for providing multiple reference
signals for evaluating the process of a pFET.

FIG. 17 1s a block diagram 1illustrating one embodiment of
an evaluation circuit having multiple latches for evaluating
the process of a pFET.

DETAILED DESCRIPTION

FIG. 1 1s a block diagram illustrating one embodiment of
a memory system 100 having a voltage/process evaluation
circuit. Memory system 100 includes a semiconductor chip
102 and a memory device 106. Semiconductor chip 102 1s
clectrically coupled to memory device 106 through path
104. Semiconductor chip 102 includes voltage/process
evaluation circuit 108 and ofl chip driver (OCD) circuit 112.
Voltage/process evaluation circuit 108 1s electrically
coupled to OCD 112 through path 110. In one embodiment,
semiconductor chip 102 includes a receiver circuit, genera-
tor circuit, a set up and hold time adjustment circuit, or any
other suitable circuit. In one embodiment, memory device
106 and semiconductor chip 102 are a single semiconductor
chip.

Voltage/process evaluation circuit 108 evaluates the
incoming voltage supplied to chip 102 and the process of a
negative channel field effect transistor (nFET) and a positive
channel field effect transistor (pFET) in chip 102. The nFET
and pFET that are evaluated are representative of all the
nFETs and pFETs 1 chip 102. The evaluation results are
passed to portions of OCD 112 through path 110. Based on
the evaluation results, portions of OCD 112 are adjusted
such that chip 102 meets specified specifications.

Voltage/process evaluation circuit 108 utilizes a number
of circuits to perform the evaluations. A test circuit 1s used
to evaluate the external voltage supplied to chip 102. The
supplied voltage 1s converted mnto a delayed clock signal,
where the delay 1s proportional to the value of the supplied
voltage. A reference voltage representing a nominal value
for the supplied voltage 1s also converted into a delayed
clock signal, where the delay is proportional to the value of
the reference voltage. The delay proportional to the supplied
voltage 1s compared to the delay proportional to the refer-
ence voltage to compare the supplied voltage to the refer-
ence voltage.
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Voltage/process evaluation circuit 108 also includes test
circuits to evaluate the processes for the nFETs and pFETs
in chip 102. The test circuits provide test voltages indicative
of the processes for the FETs. The test voltages are con-
verted into delayed clock signals, where the delays are
proportional to the values of the test voltages. Reference
voltages representing nominal values for the test voltages
are also converted into delayed clock signals, where the
delays are proportional to the reference voltages. The delays
proportional to the FET processes are compared to the
delays proportional to the reference voltages to compare the
processes for the FETS to the reference values.

By converting the test voltages and reference voltages to
delays rather than comparing them directly using compara-
tors, power 1s conserved and process detection and evalua-
tion 1s completed more quickly than 1 comparators were
used. This voltage and process evaluation can occur each
time chip 102 1s reset or whenever desired.

Memory device 106 includes a dynamic random access
memory (DRAM), synchronous dynamic random access
memory (SDRAM), double data rate (DDR) SDRAM, or
other suitable memory. Memory device 106 communicates
with chip 102 through path 104.

FI1G. 2 1s a block diagram illustrating one embodiment of
voltage/process evaluation circuit 108. Voltage/process
evaluation circuit 108 includes test circuits 124 and 150,
reference circuits 132 and 142, inverter chains 128, 136,
146, and 154, and latch 140.

Test circuit 124 1s electrically coupled to internal voltage
(V ) signal path 120 and inverter chain 128 through signal
path 126. Inverter chain 128 1s electrically coupled to
inverter chain 146 through clock (CLK) signal path 122 and
inverter chain 136 through signal path 130. Inverter chain
136 1s electrically coupled to reference circuit 132 through
signal path 134 and latch 140 through signal path 138.
Reference circuit 132 is electrically coupled to V. signal
path 120. Inverter chain 146 1s electrically coupled to
reference circuit 142 through signal path 144 and inverter
chain 154 through signal path 148. Reference circuit 142 1s
electrically coupled to V.- signal path 120. Inverter chain
154 1s electrically coupled to test circuit 150 through signal
path 152 and latch 140 through signal path 156. Test circuit
150 1s electrically coupled to V.- signal path 120. Latch
140 1s electrically coupled to latch data one (D1) signal path
158 and latch data two (D2) signal path 160. In one
embodiment, inverter chains 128, 136, 146, and 154 are
current starved iverter chains.

The V,.signal 1s a voltage signal supplied by an external
voltage source, internal voltage source, or other suitable
voltage source. Test circuit 124 receives the V.. signal on
V - signal path 120 as an input and outputs a test voltage
proportional to V.. to mverter chain 128 through signal
path 126. The test voltage 1s received by mverter chain 128
and controls inverter chain 128. Inverter chain 128 receives
the CLK signal through CLK signal path 122 as an input.
Based on the test voltage recerved from test circuit 124, the
CLK signal 1s delayed as 1t propagates through inverter
chain 128. Inverter chain 128 outputs a delayed clock signal,
which 1s proportional to the test voltage received from test
circuit 124, to mverter chain 136 through signal path 130.

Reference circuit 142 receives the V.- voltage on V..,
signal path 120 as an mput and outputs a reference voltage
to inverter chain 146 through signal path 144. In one
embodiment, the reference voltage 1s a nominal voltage for
the test voltage. The reference voltage 1s received by inverter
chain 146 and controls inverter chain 146. Inverter chain 146

receives the CLK signal through CLK signal path 122 as an
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input. Based on the reference voltage received from refer-
ence circuit 142, the CLK signal 1s delayed as 1t propagates
through 1nverter chain 146. Inverter chain 146 outputs a
delayed clock signal, which 1s proportional to the reference
voltage received from reference circuit 142, to inverter chain
154 through signal path 148.

Reference circuit 132 receives the V.- signal on V.

signal path 120 as an mput and outputs a reference voltage
to inverter chain 136 through signal path 134. In one
embodiment, the reference voltage 1s a voltage indicating a
nominal process for either an nFET or pFET. The reference
voltage 1s recetved by inverter chain 136 and controls
inverter chain 136. Inverter chain 136 receives the delayed
clock signal from inverter chain 128 through signal path 130
as an input. Based on the reference voltage received from
reference circuit 132, the delayed clock signal 1s further
delayed as it propagates through inverter chain 136. Inverter
chain 136 outputs a delayed clock signal, which 1s propor-
tional to both the test voltage received from test circuit 124
and the reference voltage received from reference circuit
132, to latch 140 through signal path 138.
Test circuit 150 recerves the V.- signal on V..~ signal
path 120 as an mput and outputs a test voltage to inverter
chain 154 through signal path 152. In one embodiment, the
test voltage 1s indicative of the process for a pFET or nFET.
The test voltage 1s received by inverter chain 154 and
controls mverter chain 154. Inverter chain 1354 receives the
delayed clock signal from inverter chain 146 through signal
path 148 as an input. Based on the test voltage received from
test circuit 150, the delayed clock signal 1s further delayed
as 1t propagates through inverter chain 154. Inverter chain
154 outputs a delayed clock signal, which 1s proportional to
both the reference voltage received from reference circuit
142 and the test voltage received from test circuit 152, to
latch 140 through signal path 156.

Latch 140 recerves the delayed clock signal from inverter
chain 136 through signal path 138 and the delayed clock
signal from 1nverter chain 154 through signal path 156. If the
rising edge of the delayed clock signal on signal path 138
arrives to the input of latch 140 before the rising edge of the
delayed clock signal on signal path 156, latch 140 outputs a
logic high level signal on D1 signal path 158 and a logic low
level signal on D2 signal path 160. If the rising edge of the
delayed clock signal on signal path 156 arrives to the input
of latch 140 before the rising edge of the delayed clock
signal on signal path 138, latch 140 outputs a logic low level
signal on D1 signal path 158 and a logic high level signal on
D2 signal path 160. Latch 140 maintains the output signals
on D1 signal path 158 and D2 signal path 160 until another
evaluation 1s performed.

The length of inverter chains 128, 136, 146, and 154 are
set such that the effect of the supplied voltage and the
process of an nFET or pFET on semiconductor chip 102 can
be balanced for evaluation.

FIGS. 3a and 35 are schematic diagrams 1llustrating one
embodiment of current starved inverter chain 128. Inverter
chains 136, 146, and 154 are similar to inverter chain 128.
As 1llustrated 1n FIG. 3a, inverter chain 128 includes invert-
ers 200a-200(72). The CLK signal on CLK signal path 122 1s
clectrically coupled to the mnput of inverter 200a. The output
of inverter 200a 1s electrically coupled to the mput of
inverter 2006 through path 202a. The output of inverter
2005 1s electrically coupled to the next inverter 1in inverter
chain 128 through path 2025, etc., until the input of the last
inverter 200(72) 1n mverter chain 128 1s coupled to the output
of the previous 1nverter 1n inverter chain 128. The output of
iverter 200(z) 1s electrically coupled to path 202(7), which
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1s the same as signal path 130. The controlling inputs of
inverters 200a-200(2) are electrically coupled to signal path
126. The length of inverter chain 128 1s based on the desired
length of the delay for the CLK signal. The CLK signal on
CLK signal path 122 is delayed as it propagates through
cach inverter 200a-200(») 1n proportion to the test voltage
on signal path 126.

FIG. 3b6 illustrates inverter chain 128 in more detail.
Inverter 200a includes transistors 214a, 216a, and 220a.
Inverter 2006 includes transistors 2145, 2165, and 2205.
Inverter 200(7) includes transistors 214(x), 216(»), and
220(»). Transistors 214a-214(») are pFETs and transistors
2164a-216(») and 220a-220(») are nFETs.

V320 1s electrically coupled to one side of the source-
drain path of transistor 214a through path 212a. The other
side of the source-drain path of transistor 214a 1s electrically
coupled to one side of the source-drain path of transistor
2164 and the gates of transistors 2145 and 2166 through path
202a. The gate of transistor 214a and the gate of transistor
216a are electrically coupled to CLK signal path 122. The
other side of the source-drain path of transistor 216a 1is
clectrically coupled to one side of the source-drain path of
transistor 220a through path 218a. The other side of the
source-drain path of transistor 220a 1s electrically coupled to
ground or common 224 through path 222q. The gate of
transistor 220a 1s electrically coupled to the gates of tran-
sistors 2206-220(») through signal path 126.

V 320 1s electrically coupled to one side of the source-
drain path of transistor 21456 through path 2125. The other
side of the source-drain path of transistor 2145 1s electrically
coupled to one side of the source-drain path of transistor
2160 and the gates of the next transistor 214 and transistor
216 1n 1nverter chain 128. The other side of the source-drain
path of transistor 2165 1s electrically coupled to one side of
the source-drain path of transistor 2205 through path 2185b.
The other side of the source-drain path of transistor 2205 1s
clectrically coupled to ground or common 224 through path
2225b.

V 320 1s electrically coupled to one side of the source-
drain path of transistor 214(») through path 212(7). The
other side of the source-drain path of transistor 214(z) 1s
clectrically coupled to signal path 202(12), which 1s the same
as signal path 130, and one side of the source-drain source
path of transistor 216(7). The other side of the source-drain
path of transistor 216(») 1s electrically coupled to one side
of the source-drain path of transistor 220(») through path
218(»). The other side of the source-drain path of transistor
220(») 1s electrically coupled to common or ground 224
through path 222(»).

Inverters 200a-200(7) are current starved inverters con-
trolled by the test voltage from test circuit 124 through
signal path 126. The CLK signal on CLK signal path 122 1s
delayed as 1t propagates through inverters 200a-200(7). The
delay of the CLK signal through inverters 200a-200(7) 1s
proportional to the test voltage on signal path 126 applied to
the gates of transistors 220a-220(72). Inverter chains 136,
146, and 134 operate i a similar manner as iverter chain
128.

FIG. 4 1s a schematic diagram illustrating one embodi-
ment of latch 140. Latch 140 includes NAND gates 300,
304, 306, and 310. One input of NAND gate 300 15 elec-
trically coupled to signal path 138 and the other mput of
NAND gate 300 1s electrically coupled to the output of
NAND gate 306 and one mput of NAND gate 310 through
path 308. The output of NAND gate 300 is electrically
coupled to one input of NAND gate 304 and one input of
NAND gate 306 through path 302. The other input of NAND
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gate 306 1s electrically coupled to signal path 156. The
output of NAND gate 304 1s electrically coupled to the other
input of NAND gate 310 through D1 signal path 158. The
output of NAND gate 310 1s electrically coupled to the other
input of NAND gate 304 through D2 signal path 160.

In operation, 1f a rising edge of the delayed clock signal
on signal path 138 arrives to the mput of NAND gate 300
before a rising edge of the delayed clock signal on signal
path 156 arrives to the mput of NAND gate 306, the output
on D1 signal path 158 transitions to a logic high level and
the output on D2 signal path 160 transitions to a logic low
level. If a rising edge of the delayed clock signal on signal
path 156 arrives to the input of NAND gate 306 before a
rising edge of the delayed clock signal on signal path 138
arrives to the input of NAND gate 300, the output on D2
signal path 160 transitions to a logic high level and the
output on D1 signal path 158 transitions to a logic low level.
The signals on D1 signal path 158 and D2 signal path 160
will remain constant until another evaluation 1s performed.

FIG. 5 1s a schematic diagram 1llustrating one embodi-
ment of test circuit 124 for evaluating a supplied voltage.
Test circuit 124 includes resistor 322 and resistor 324.
Resistor 322 1s electrically coupled to V,,,-320 through path
321 and resistor 324 through divided voltage (V ;) signal
path 126. Resistor 324 1s electrically coupled to common or
ground 224 through path 326.

In operation, test circuit 124 receives the V.. signal,
which 1s supplied by an external circuit to semiconductor
chip 102, and divides the V ;.- between resistor 322 and 324.
Test circuit 124 outputs the V,,,,- signal on signal path 126
to mnverter chain 128. The V ;- signal 1s proportional to the
V - s1gnal.

FIG. 6 1s a schematic diagram 1llustrating one embodi-
ment of reference circuit 142 for evaluating a supplied
voltage. Reference circuit 142 includes voltage source 328.
Voltage source 328 1s clectrically coupled to reference
voltage (V,.-) signal path 144 and common or ground 224
through path 330. Reference circuit 142 provides a reference
voltage, V.., which indicates a nominal value for the
supplied voltage tor comparison to the V- signal from test
circuit 124.

FIG. 7 1s a block diagram 1illustrating one embodiment of
an evaluation circuit 331 for evaluating a supplied voltage.
Supplied voltage evaluation circuit 331 includes test circuit
124, reference circuit 142, inverter chains 128 and 146, and
latch 140. Test circuit 124 1s electrically coupled to V..,
signal path 120 and 1nverter chain 128 through V ,,,- signal
path 126. Reference circuit 142 i1s electrically coupled to
V . signal path 120 and inverter chain 146 through V...
signal path 144. Clock signal path 122 1s electrically coupled
to 1nverter chain 128 and inverter chain 146. Latch 140 1s
clectrically coupled to inverter chain 128 through signal path
332, inverter chain 146 through signal path 334, D1 signal
path 158, and D2 signal path 160. Signal path 332 1s similar

to signal path 138 and signal path 334 is similar to signal
path 156 of latch 140 illustrated 1in FIG. 4.

P ]

Test circuit 124 recerves the V..~ signal on V.- signal
path 120 as an mput and outputs the V ;- signal to inverter
chain 128 through signal path 126. The V- signal is
received by inverter chain 128 and controls inverter chain
128. Inverter chain 128 receives the CLK signal through
CLK signal path 122 as an mput. Based on the V ;- signal
received from test circuit 124, the CLK signal 1s delayed as
it propagates through inverter chain 128. Inverter chain 128
outputs a delayed clock signal, which 1s proportional to the
V- signal received from test circuit 124, to latch 140
through signal path 332.
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Reference circuit 142 receives the V.- voltage on V..~
signal path 120 as an input and outputs the V... signal to
inverter chain 146 through signal path 144. In one embodi-
ment, the V..~ signal 1s a nominal voltage for the V-
signal. The V. signal 1s received by inverter chain 146 and
controls inverter chain 146. Inverter chain 146 receives the
CLK signal through CLK signal path 122 as an mnput. Based
on the V.- signal received from reference circuit 142, the
CLK signal 1s delayed as 1t propagates through inverter
chain 146. Inverter chain 146 outputs a delayed clock signal,
which 1s proportional to the V...~ signal received from
reference circuit 142, to latch 140 through path 334.

Latch 140 receives the delayed clock signal from inverter
chain 128 through signal path 332 and the delayed clock
signal from inverter chain 146 through signal path 334. It the
rising edge of the delayed clock signal on signal path 332
arrives to the input of latch 140 before the rising edge of the
delayed clock signal on signal path 334, latch 140 outputs a
logic high level signal on D1 signal path 158 and a logic low
level signal on D2 signal path 160. If the rising edge of the
delayed clock signal on signal path 334 arrives to the mput
of latch 140 before the nising edge of the delayed clock
signal on signal path 332, latch 140 outputs a logic low level
signal on D1 signal path 158 and a logic high level signal on
D2 signal path 160. Latch 140 maintains the output signals
on D1 signal path 158 and D2 signal path 160 until another
evaluation 1s performed.

ItV,,-1s greater than V..., which indicates the supplied
voltage 1s greater than the nominal voltage, then a logic high
level signal 1s latched on D1 signal path 158 and a logic low
level signal 1s latched on D2 signal path 160. If V ;- 1s less
than V.-, which indicates the supplied voltage 1s less than
the nominal voltage, then a logic low level signal 1s latched
on D1 signal path 158 and a logic high level signal 1s latched
on D2 signal path 160.

FIG. 8 1s a schematic diagram illustrating one embodi-
ment of test circuit 150, indicated as test circuit 150q, for
evaluating the process of an nFET. Test circuit 150q includes
resistor 342, transistor 344, and voltage source 348. Tran-
sistor 344 1s an nFET. Resistor 342 1s electrically coupled to
V 320 through path 340 and one side of the source-drain
path of transistor 344 through V , signal path 152a. The
other side of the source-drain path of transistor 344 1is
clectrically coupled to common or ground 224 through path
352. The gate of transistor 344 1s electrically coupled to
voltage source 348 through path 346. Voltage source 348 1s
clectrically coupled to common or ground 224 through path
350.

Voltage source 348 provides a voltage to the gate of
transistor 344 to turn transistor 344 on (conducting). V.-
voltage 320 1s divided between resistor 342 and the source-
drain path of transistor 344 to output a voltage, V,_,.,onV _,,
signal path 152a4. The V_,,voltage on V_, . signal path 142a
1s 1ndicative of the process for transistor 344. Transistor 344
1s representative of all nFET transistors of semiconductor
chip 102.

FIG. 9 1s a schematic diagram illustrating one embodi-
ment of reference circuit 132, indicated as reference circuit
132a, for evaluating the process of an nFET. Reference
circuit 132a includes resistor 362 and current source 364.
Resistor 362 1s electrically coupled to V,,,-320 through path
360 and current source 364 through V ., signal path 134aq.
Current source 364 1s electrically coupled to common or
ground 224 through path 366. The resistance of resistor 362
1s substantially equal to the resistance of resistor 342.

Reference circuit 134a provides a reference voltage out-
put on V_, signal path 134a for comparison to the V_,,
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voltage on signal path 1524a. The voltage on V, , signal path
134a indicates a nominal process for transistor 344.

FIG. 10 1s a block diagram 1illustrating one embodiment of
an evaluation circuit 368 for evaluating the process for nFET
344. Evaluation circuit 368 includes reference circuit 132a,
test circuit 150q, inverter chains 136a and 154a, and latch
140. Reference circuit 132a 1s electrically coupled to V.,
signal path 120 and inverter chain 1364 through V, ., signal
path 134a. Test circuit 150q 1s electrically coupled to V.-
signal path 120 and inverter chain 154q through V_, . signal
path 152a. Clock signal path 122 1s electrically coupled to
inverter chain 136a and inverter chain 154q. Latch 140 1s
clectrically coupled to inverter chain 136a through signal
path 138a, inverter chain 154a through signal path 156q, D1
signal path 158, and D, signal path 160.

Reference circuit 132a receives the V. voltage on V.
signal path 120 as an mput and outputs the V_, signal to
inverter chain 136a through signal path 134aq. In one
embodiment, the V. signal 1s a nominal voltage forthe 'V _,,

signal. The V_ , signal 1s recerved by inverter chain 136a and
controls iverter chain 136a. Inverter chain 136a receives
the CLK signal through CLK signal path 122 as an input.
Based on the V_, signal received from reference circuit
132a, the CLK signal 1s delayed as 1t propagates through
inverter chain 136a. Inverter chain 136a outputs a delayed
clock signal, which 1s proportional to the V_,, signal received
from reference circuit 1324, to latch 140 through signal path
138a.

Test circuit 150a recerves the V- signal on V., signal
path 120 as an input and outputs the V ,  signal to inverter
chain 154a through signal path 1524. The V,,, signal is
received by mverter chain 154a and controls mverter chain
154a. Inverter chain 154a receives the CLK signal through
CLK signal path 122 as an input. Based on the V_,, signal
received from test circuit 150q, the CLK signal 1s delayed as
it propagates through inverter chain 154a. Inverter chain
154a outputs a delayed clock signal, which 1s proportional
to the V_,, signal received from test circuit 150q, to latch
140 through signal path 156a.

Latch 140 receives the delayed clock signal from inverter

chain 136a through signal path 138a and the delayed clock
signal from inverter chain 154a through signal path 156qa. It
the rising edge of the delayed clock signal on signal path
138a arrives to the mput of latch 140 before the rising edge
of the delayed clock signal on signal path 156a, latch 140
outputs a logic high level signal on D1 signal path 158 and
a logic low level signal on D2 signal path 160. If the rising
edge of the delayed clock signal on signal path 1564 arrives
to the input of latch 140 before the rising edge of the delayed
clock signal on signal path 1384, latch 140 outputs a logic
low level signal on D1 signal path 158 and a logic high level
signal on D2 signal path 160. Latch 140 maintains the output
signals on D1 signal path 158 and D2 signal path 160 until
another evaluation 1s performed.
IV, . 1s greater than V, ., which indicates the process of
nFET 344 1s slower than nominal, then a logic low level
signal 1s latched on D1 signal path 158 and a loglc high level
signal 1s latched on D2 signal path 160. IT V_, . 1s less than
V. », which indicates the process of nFET 344 1s faster than
nominal, then a logic high level signal 1s latched on D1
signal path 158 and a logic low level signal is latched on D2
signal path 160.

FIG. 11 i1s a schematic diagram illustrating another
embodiment of a test circuit 150, indicated as test circuit
1505, for evaluating the process of a pFET. Test circuit 1505
includes voltage source 402, transistor 408, and resistor 410.
Transistor 408 1s a pFET. Voltage source 402 1s electrically
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coupled to V.~ 320 through path 400 and the gate of
transistor 408 through path 404. One side of the source-drain
path of transistor 408 1s electrically coupled to V.. 320
through path 406. The other side of the source-drain path of
transistor 408 1s electrically coupled to resistor 410 thorough
V . ,signal path 152b. Resistor 410 1s electrically coupled to

P

common or ground 224 through path 412.

Voltage source 402 provides a voltage to the gate of
transistor 408 to turn transistor 408 on (conducting). V.-
320 1s divided between the source-drain path of transistor
408 and resistor 410 to output a voltage V ,,, on V ,, signal
path 1526. The V ,, voltage on V ,, signal path 1525 1s
indicative of the process for transistor 408. Transistor 408 1s
representative of all pFETT transistors of semiconductor chip

102.

FIG. 12 1s a schematic diagram illustrating another
embodiment of reference circuit 132, indicated as reference
circuit 1325, for evaluating the process of a pFET. Reference
circuit 1325 includes current source 422 and resistor 424.
Current source 422 1s electrically coupled to V.. 320
through path 420 and resistor 424 through V , signal path
134H. Resistor 424 1s electrically coupled to common or

ground 224 through path 426. The resistance of resistor 424
1s substantially equal to the resistance of resistor 410.

Reference circuit 1325 provides a reference voltage out-
put on V p signal path 1345 for comparison to the V ,,
voltage on signal path 1524. The voltage on 'V signal path
1345 1ndicates a nominal process for transistor 408.

FI1G. 13 1s a block diagram illustrating one embodiment of
an evaluation circuit 428 for evaluating the process for pFET

408. Evaluation circuit 428 1ncludes reference circuit 1325,
test circuit 1505, inverter chains 1365 and 15454, and latch
140.

Reference circuit 13256 1s electrically coupled to V...
signal path 120 and 1nverter chain 1365 through V . signal
path 134b. Test circuit 1505 1s electrically coupled to V..
signal path 120 and inverter chain 1545 through V ,, signal
path 1525. CLK signal path 122 1s electrically coupled to
inverter chain 1345 and inverter chain 1545, Latch 140 1s
clectrically coupled to inverter chain 1365 through signal
path 1385, inverter chain 1545 through signal path 15654, D1
signal path 158, and D2 signal path 160.

Reference circuit 1325 receives the V.- voltage on V..
signal path 120 as an iput and outputs the V » signal to
inverter chain 1365 through signal path 1345, In one
embodiment, the V  signal 1s a nominal voltage for the V ,,
signal. The V  signal 1s received by inverter chain 1365 and
controls iverter chain 13654. Inverter chain 1365 receives
the CLK signal through CLK signal path 122 as an input.
Based on the V . signal received from reference circuit
13256, the CLK signal 1s delayed as 1t propagates through
inverter chain 1365. Inverter chain 1365 outputs a delayed
clock signal, which 1s proportional to the V  signal received
from reference circuit 1325, to latch 140 through signal path
1385.

Test circuit 1505 receives the V..~ signal on V..~ signal
path 120 as an 1nput and outputs the V ,, signal to inverter
chain 1545 through signal path 15256. The V _,, signal is
received by mverter chain 1545 and controls mverter chain
154b. Inverter chain 1545 receives the CLK signal through
CLK signal path 122 as an mput. Based on the V ,, signal
received from test circuit 1505, the CLK signal 1s delayed as
it propagates through inverter chain 154b6. Inverter chain
1546 outputs a delayed clock signal, which 1s proportional
to the V ,, signal received trom test circuit 1505, to latch

140 through signal path 1565.
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Latch 140 receives the delayed clock signal from inverter

chain 1365 through signal path 1385 and the delayed clock
signal from inverter chain 1545 through signal path 1565. It
the rising edge of the delayed clock signal on signal path
1386 arrives to the input of latch 140 before the rnising edge
of the delayed clock signal on signal path 1565, latch 140
outputs a logic high level signal on D1 signal path 1358 and
a logic low level signal on D2 signal path 160. If the rising
edge of the delayed clock signal on signal path 1565 arrives
to the input of latch 140 before the rising edge of the delayed
clock signal on signal path 1385, latch 140 outputs a logic
low level signal on D1 signal path 158 and a logic high level
signal on D2 signal path 160. Latch 140 maintains the output
signals on D1 signal path 158 and D2 signal path 160 until
another evaluation 1s performed.
ItV ,,1s greater than V ., which indicates the process of
pFET 408 1s faster than nominal, then a logic low level
signal 1s latched on D1 signal path 158 and a logic high level
signal 1s latched on D2 signal path 160. If V _,, 1s less than
V ,z which indicates the process of pFET 408 1s slower than
nominal, then a logic high level signal 1s latched on D1
signal path 158 and a logic low level signal is latched on D2
signal path 160.

FIG. 14 1s a schematic diagram illustrating one embodi-
ment of a reference circuit 500 for providing multiple
reference signals for evaluating the process of an nFET.
Reference circuit 500 includes resistors 502, 506, 510, and
514, and current source 518. Resistor 502 1s electrically
coupled to V.~ 320 through path 501 and resistor 506
through slowest process nFET reference voltage (V, »oc)
signal path 504. Resistor 506 i1s clectrically coupled to
resistor 510 through slow process nFET reference voltage
(V. o) signal path 508. Resistor 510 1s electrically coupled
to resistor 514 through fast process nFET reference voltage
(V. ) signal path 512. Resistor 514 1s electrically coupled
to current source 518 through fastest process nFET reference
voltage (V, »~~) signal path 516. Current source 318 1s
clectrically coupled to common or ground 224 through path
520. The sum of the resistances of resistors 502, 506, 510,
and 514 1s substantially equal to the resistance of resistor
342.

Reterence circuit 500 provides four reference voltages to
compare to V_, - from test circuit 150a. V.. indicates the
slowest process for nFET 344. V. . indicates a slow process
for nFET 344, but faster than V, ... V, »~ 1ndicates a fast
process for nFET 344 and V.- indicates the fastest process
for nFET 344. In other embodiments, reference circuit 500
includes more than four resistors to provide more than four
reference voltages. Any suitable number of resistors to
provide any suitable number of reference voltages can be
provided.

FIG. 15 1s a block diagram illustrating one embodiment of
an evaluation circuit 521 having multiple latches for evalu-
ating the process for nFET 344. Process evaluation circuit
521 includes inverter chains 522, 526, 542, 546, 562, 566,
582, and 586, and latches 530, 550, 570, and 590. In one
embodiment, inverter chains 526, 546, 566, and 586, are
replaced with a single mverter chain having an output
coupled to latches 530, 550, 570, and 590. Inverter chains
522, 526, 542, 546, 562, 566, 582, and 586 arc similar to
inverter chain 128. Latches 530, 550, 570, and 590 are
similar to latch 140.

Inverter chain 522 1s electrically coupled to V.. signal
path 504, CLK signal path 122, and latch 530 through signal
path 524. Inverter chain 526 is electrically coupled to V_, ,
signal path 152aq, CLK signal path 122, and latch 330
through signal path 528. Latch 530 1s electrically coupled to
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nFET latch A data one (D, 1a) signal path 532 and nFET
latch A data two (D, 2a) signal path 534.

Inverter chain 542 is electrically coupled to V, . signal
path 508, CLK signal path 122, and latch 550 through si1gnal
path 544. Inverter chain 546 1s electrically coupled to V _, ,
signal path 152q, CLK signal path 122, and latch 350
through signal path 548. Latch 550 1s electrically coupled to
nFET latch B data one (D, 1b) signal path 552 and nFET
latch B data two (D, 2b) signal path 534.

Inverter chain 562 1s electrically coupled to V, .. signal
path 512, CLK signal path 122, and latch 570 through signal
path 564. Inverter chain 556 is electrically coupled to V_, ,
signal path 152q, CLK signal path 122, and latch 3570
through signal path 568. Latch 570 1s electrically coupled to
nFET latch C data one (D, 1c) signal path 572 and nFET
latch C data two (D, 2c¢) signal path 574.

Inverter chain 382 1s electrically coupled to V.~ signal
path 516, CLK signal path 122, and latch 590 through si1gnal
path 584. Inverter chain 586 is electrically coupled to V_, .
signal path 152q, CLK signal path 122, and latch 390
through signal path 588. Latch 590 1s electrically coupled to
nFET latch D data one (D, 1d) signal path 5392 and nFET
latch D data two (D, 2d) signal path 594.

Reference circuit 500 outputs the V, ... signal to inverter
chain 3522 through signal path 504. The V ... signal 1s
received by inverter chain 522 and controls inverter chain
522. Inverter chain 522 receirves the CLK signal through
CLK signal path 122 as an input. Based on the V_ .. signal
received from reference circuit 500, the CLK signal 1s
delayed as it propagates through inverter chain 322. Inverter
chain 522 outputs a delayed clock signal, which 1s propor-
tional to the V ... signal received from reference circuit

500, to latch 530 through signal path 524.

Test circuit 150a outputs the V _, . signal to inverter chain
526 through signal path 152a. The V _, ,signal 1s received by
inverter chain 526 and controls imverter chain 526. Inverter
chain 526 receives the CLK signal through CLK signal path
122 as an mput. Based on the V_, . signal received from test
circuit 150a, the CLK signal 1s delayed as i1t propagates
through inverter chain 526. Inverter chain 526 outputs a
delayed clock signal, which 1s proportional to the V, , ,signal
received from test circuit 150q, to latch 530 through signal

path 528.

Latch 530 receives the delayed clock signal from inverter
chain 522 through signal path 524 and the delayed clock
signal from 1inverter chain 526 through signal path 528. If the
rising edge of the delayed clock signal on signal path 524
arrives to the input of latch 530 before the rising edge of the
delayed clock signal on signal path 528, latch 530 outputs a
logic high level signal on D, _1a signal path 532 and a logic
low level signal on D, 2a signal path 534. If the rising edge
of the delayed clock signal on signal path 528 arrives to the
input of latch 530 before the rising edge of the delayed clock
signal on signal path 524, latch 530 outputs a logic low level
signal on D, 1a signal path 532 and a logic high level signal
on D, 2a signal path 334. Latch 530 maintains the output
signals on D, 1a signal path 532 and D, 2a signal path 534
until another evaluation 1s performed.

Reference circuit 500 outputs the V.. signal to inverter
chain 542 through signal path 508. The V .. signal i1s
received by inverter chain 542 and controls inverter chain
542. Inverter chain 3542 receives the CLK signal through
CLK signal path 122 as an input. Based on the V_, . signal
received from reference circuit 500, the CLK signal 1s
delayed as it propagates through inverter chain 342. Inverter
chain 542 outputs a delayed clock signal, which 1s propor-
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tional to the V. signal received from reference circuit 500,
to latch 550 through signal path 544.

Test circuit 150q outputs the V_ , , signal to inverter chain
546 through signal path 152a. The V_, ,signal 1s received by
inverter chain 546 and controls imnverter chain 546. Inverter
chain 546 receives the CLK signal through CLK signal path
122 as an 1input. Based on the V_, , signal received from test
circuit 150q, the CLK signal 1s delayed as 1t propagates
through 1nverter chain 546. Inverter chain 546 outputs a
delayed clock signal, which 1s proportional to the V_ , , s1ignal
received from test circuit 150q, to latch 550 through signal
path 548.

Latch 550 receives the delayed clock signal from inverter
chain 542 through signal path 344 and the delayed clock
signal from inverter chain 546 through signal path 548. It the
rising edge of the delayed clock signal on signal path 544
arrives to the input of latch 550 before the rising edge of the
delayed clock signal on signal path 548, latch 550 outputs a
logic high level signal on D, 1b signal path 552 and a logic
low level signal on D, 2b signal path 554. If the rising edge
of the delayed clock signal on signal path 548 arrives to the
input of latch 550 before the rising edge of the delayed clock
signal on signal path 544, latch 550 outputs a logic low level
signal on D, 1b signal path 552 and a logic high level signal
on D, 2b signal path 554. Latch 550 maintains the output
signals on D, 1b signal path 352 and D, 2b signal path 554
until another evaluation 1s performed.

Reterence circuit S00 outputs the V.. signal to inverter
chain 562 through signal path 512. The V, .. signal is
received by inverter chain 562 and controls inverter chain
562. Inverter chain 562 receives the CLK signal through
CLK signal path 122 as an input. Based on the V_, . signal
received from reference circuit 500, the CLK signal 1s
delayed as it propagates through inverter chain 362. Inverter
chain 562 outputs a delayed clock signal, which 1s propor-
tional to the V.~ signal received from reference circuit 500,
to latch 570 through signal path 564.

Test circuit 150q outputs the V_ , , signal to inverter chain
566 through signal path 152a. The V_,,s1gnal 1s received by
inverter chain 566 and controls inverter chain 566. Inverter
chain 566 receives the CLK signal through CLK signal path
122 as an input. Based on the V _, , signal received from test
circuit 150qa, the CLK signal 1s delayed as i1t propagates
through inverter chain 566. Inverter chain 566 outputs a
delayed clock signal, which 1s proportional to the V, , , signal
received from test circuit 150q, to latch 570 through signal
path 568.

Latch 570 receives the delayed clock signal from inverter
chain 562 through signal path 564 and the delayed clock
signal from 1nverter chain 566 through signal path 568. If the
rising edge of the delayed clock signal on signal path 564
arrives to the input of latch 570 betore the rising edge of the
delayed clock signal on signal path 568, latch 570 outputs a
logic high level signal on D _1c signal path 572 and a logic
low level signal on D, 2¢ signal path 574. If the rising edge
of the delayed clock signal on signal path 568 arrives to the
input of latch 570 before the rising edge of the delayed clock
signal on signal path 564, latch 570 outputs a logic low level
signal on D, 1¢ signal path 572 and a logic high level signal
on D,2c signal path 574. Latch 570 maintains the output
signals on D, 1c signal path 572 and D, 2c signal path 574
until another evaluation i1s performed.

Reference circuit 500 outputs the V_ ... signal to inverter
chain 582 through signal path 516. The V, ..~ signal 1is
received by inverter chain 582 and controls inverter chain
582. Inverter chain 382 receives the CLK signal through

CLK signal path 122 as an input. Based on the V- signal




US 7,298,656 B2

13

received from reference circuit 500, the CLK signal 1s
delayed as 1t propagates through inverter chain 582. Inverter
chain 582 outputs a delayed clock signal, which 1s propor-

tional to the V ..~ signal received from reference circuit
500, to latch 590 through signal path 584.

Test circuit 150a outputs the V _, . signal to inverter chain
586 through signal path 152a. The V_, ,signal 1s recetved by
inverter chain 586 and controls mverter chain 586. Inverter
chain 586 receives the CLK signal through CLK signal path
122 as an mput. Based on the V_, . signal received from test
circuit 150q, the CLK signal 1s delayed as 1t propagates
through inverter chain 586. Inverter chain 586 outputs a
delayed clock signal, which 1s proportional to the V_ , , signal
received from test circuit 150q, to latch 590 through signal
path 588.

Latch 590 receives the delayed clock signal from inverter
chain 582 through signal path 384 and the delayed clock
signal from 1inverter chain 586 through signal path 588. If the
rising edge of the delayed clock signal on signal path 584
arrives to the input of latch 590 before the rising edge of the
delayed clock signal on signal path 388, latch 590 outputs a
logic high level signal on D, 1d signal path 592 and a logic
low level signal on D, 2d signal path 594. If the rising edge
of the delayed clock signal on signal path 588 arrives to the
input of latch 590 before the rising edge of the delayed clock
signal on signal path 5384, latch 590 outputs a logic low level
signal on D, 1d signal path 592 and a logic high level signal
on D, 2d signal path 594. Latch 5390 maintains the output
signals on D, 1d signal path 592 and D, 2d signal path 594
until another evaluation 1s performed.

Table I below indicates the values for D, 1a, D, 2a, D, 1b,
D 2b, D _1c, D, 2c, D, 1d, and D, 2d based on the value of
V. .. A“0” indicates a logic low level and a *“1” indicates a
logic high level. The outputs indicating the process for nFET
344 are passed to OCD 112 or other circuits to adjust the
circuits based on the process.
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for pFET 408. In other embodiments, reference circuit 600
includes more than four resistors to provide more than four
reference voltages. Any suitable number of resistors to
provide any suitable number of reference voltages can be
provided.

FIG. 17 1s a block diagram illustrating one embodiment of
an evaluation circuit 621 having multiple latches for evalu-
ating the process for pFET 408. Evaluation circuit 621
includes inverter chains 622, 626, 642, 646, 662, 666, 682,
and 686, and latches 630, 650 670 and 690 111 one
em“:)odiment,, inverter chains 626,, 646,, 666, and 686, are
replaced with a single imverter having an output coupled to
latches 630, 650, 670, and 690. Inverter chains 622, 626,
642, 646, 662, 666, 682, and 686 are similar to inverter chain
128. Latches 630, 650, 670, and 690 are similar to latch 140.

Inverter chain 622 1s electrically coupled to V.- signal
path 606, CLK signal path 122, and latch 630 through signal
path 624 Inverter chain 626 1s electrically coupled to V _,,
signal path 1526, CLK signal path 122, and latch 630
through signal path 628. Latch 630 1s electrlcally coupled to
pFET latch A data one (D,la) signal path 632 and pFET
latch A data two (D, 2a) signal path 634.

Inverter chain 642 1s electrically coupled to V 5. signal
path 610, CLK signal path 122, and latch 650 through signal
path 644 Inverter chain 646 1s electrically coupled to V _,,
signal path 1526, CLK signal path 122, and latch 650
through signal path 648. Latch 650 is electrlcally coupled to
pFET latch B data one (D,1b) signal path 652 and pFET
latch B data two (D,2b) signal path 6354.

Inverter chain 662 1s electrically coupled to V ¢ signal
path 614, CLK signal path 122, and latch 670 through signal
path 664 Inverter chain 666 is electrically coupled to V,,
signal path 1526, CLK signal path 122, and latch 670
through signal path 668. Latch 670 1s electrlcally coupled to
pFET latch C data one (D, 1c) signal path 672 and pFET
latch C data two (D,2c¢) signal path 674.

Slowest
Slow
Nominal
Iast
Fastest

TABLE 1
VoM D,la DJ2a D,1b D2b D,lc D, 2c D,1d D_,2d Process
Vo > Virss § 1 § 1 § 1 §
Virss » Vim > Virsg | U 0 1 0 1 0
Viars = VoM > Vire U ‘ 0 0 1 0
Viurr > Voum > Vourer U 0 1 0 0
VM < Virrer 0 0 1 0 1

FIG. 16 1s a schematic diagram illustrating one embodi-
ment of a reference circuit 600 for providing multiple
reference signals for evaluating the process for a pFET.

Reference circuit 600 includes current source 604 and
resistors 608, 612, 616, and 619. Current source 604 1is
electrically coupled to V,, 320 through path 602 and
resistor 608 through fastest process pFET reference voltage
(V,rer) signal path 606. Resistor 608 1s electrically coupled
to resistor 612 through fast process pFET reference voltage
(V,rr) signal path 610. Resistor 612 1s electrically coupled
to resistor 616 through slow process pFET reference voltage
(V_rs) signal path 614. Resistor 616 1s electrically coupled
to resistor 619 through slowest process pFET reference
voltage (V ) signal path 618. Resistor 619 i1s electrically
coupled to common or ground 224 through path 620. The
sum of the resistances of resistors 608, 612, 616, and 619 1s
substantially equal to the resistance of resistor 410.

Reference circuit 600 provides four reference voltages to
compare to V _,, from test circuit 15056. V ... indicates the
slowest process for pFET 408. V¢ indicates a slow process
for pFET 408, but faster than VPR ss- Y, zp I0dicates a fast

process for pFET 408 and Vo indicates the fastest Process
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Inverter chain 682 1s electrically coupled to V¢ signal
path 618, CLK signal path 122, and latch 690 through signal
path 684 Inverter chain 686 is electrically coupled to V ,,
signal path 1526, CLK signal path 122, and latch 690
through signal path 688. Latch 690 is electrlcally coupled to
pFET latch D data one (D, 1d) signal path 692 and pFET
latch D data two (D,2d) signal path 694.

Reterence circuit 600 outputs the V5. signal to inverter
chain 622 through signal path 606. The V z.. signal is
received by inverter chain 622 and controls inverter chain
622. Inverter chain 622 receives the CLK signal through
CLK signal path 122 as an input. Based on the V ., signal
received from reference circuit 600, the CLK signal 1s
delayed as 1t propagates through inverter chain 622. Inverter
chain 622 outputs a delayed clock signal, which 1s propor-
tional to the V ... signal received from reference circuit
600, to latch 630 through signal path 624.

Test circuit 15056 outputs the V ,, signal to inverter chain
626 through signal path 1525. The V ar S1gnal 1s received by
inverter chain 626 and controls inverter chain 626. Inverter
chain 626 receives the CLK signal through CLK signal path
122 as an input. Based on the V ,, signal received from test




US 7,298,656 B2

15

circuit 1505, the CLK signal 1s delayed as i1t propagates
through inverter chain 626. Inverter chain 626 outputs a
delayed clock signal, which 1s proportional to the V . signal
received from test circuit 1505, to latch 630 through signal
path 628.

Latch 630 receives the delayed clock signal from inverter
chain 622 through signal path 624 and the delayed clock
signal from inverter chain 626 through signal path 628. It the
rising edge of the delayed clock signal on signal path 624
arrives to the input of latch 630 before the rising edge of the
delayed clock signal on signal path 628, latch 630 outputs a
logic high level signal on D, la signal path 632 and a logic
low level signal on D, 2a signal path 634. If the rising edge
of the delayed clock signal on signal path 628 arrives to the
input of latch 630 before the rising edge of the delayed clock
signal on signal path 624, latch 630 outputs a logic low level
signal on D 1a signal path 632 and a logic high level signal
on D 2a 81gnal path 634. Latch 630 maintains the output
signals on D, 1a signal path 632 and D 2a signal path 634
until another evaluation is performed.

Reterence circuit 600 outputs the V.- signal to mverter

chain 642 through signal path 610. The V .. signal is
received by inverter chain 642 and controls inverter chain
642. Inverter chain 642 receives the CLK signal through
CLK signal path 122 as an input. Based on the V . signal
received from reference circuit 600, the CLK signal 1s
delayed as 1t propagates through inverter chain 642. Inverter
chain 642 outputs a delayed clock signal, which 1s propor-
tional to the V . signal recerved trom reference circuit 600,

to latch 6350 through signal path 644.

Test circuit 1506 outputs the V ,, signal to mverter chain
646 through signal path 1525. The V ar Signal 1s recerved by
inverter chain 646 and controls inverter chain 646. Inverter

chain 646 receives the CLK signal through CLK signal path
122 as an mput. Based on the V M signal received from test
circuit 15056, the CLK signal is delayed as 1t propagates
through inverter chain 646. Inverter chain 646 outputs a

delayed clock signal, which 1s proportional to the V , , signal
received from test circuit 15056 to latch 6350 through signal

path 648.
Latch 650 receives the delayed clock signal from inverter

chain 642 through signal path 644 and the delayed clock

signal from 1nverter chain 646 through signal path 648. If the
rising edge of the delayed clock signal on signal path 644
arrives to the input of latch 650 before the rising edge of the
delayed clock signal on signal path 648, latch 650 outputs a
logic high level signal on D, 1b signal path 652 and a logic
low level signal on D, 2b signal path 634. It the rising edge
of the delayed clock signal on signal path 648 arrives to the
input of latch 650 before the rising edge of the delayed clock
signal on signal path 644, latch 650 outputs a logic low level
signal on D, 1b signal path 652 and a logic high level signal
on D, 2b signal path 654. Latch 650 maintains the output
signals on D, 1b signal path 652 and D 2b signal path 654
until another evaluation 1s performed.

Reterence circuit 600 outputs the V ¢ signal to mverter
chain 662 through signal path 614. The V ¢ signal is
received by inverter chain 662 and controls inverter chain
662. Inverter chain 662 receives the CLK signal through
CLK signal path 122 as an input. Based on the V ¢ signal
received from reference circuit 600, the CLK signal 1s
delayed as 1t propagates through inverter chain 662. Inverter
chain 662 outputs a delayed clock signal, which 1s propor-
tional to the V ¢ signal received trom reterence circuit 600,
to latch 670 through signal path 664.

Test circuit 1506 outputs the V ,, signal to inverter chain
666 through signal path 1526. The V ,,, signal 1s received by
inverter chain 666 and controls imnverter chain 666. Inverter

chain 666 receives the CLK signal through CLK signal path
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122 as an input. Based on the V ,, signal received from test
circuit 15056, the CLK signal 1s delayed as 1t propagates
through 1nverter chain 666. Inverter chain 666 outputs a

delayed clock signal, which 1s proportional to the V , , signal

received from test circuit 1505, to latch 670 through signal
path 668.

Latch 670 recerves the delayed clock signal from inverter
chain 662 through signal path 664 and the delayed clock
signal from 1nverter chain 666 through signal path 668. I the
rising edge of the delayed clock signal on signal path 664
arrives to the input of latch 670 before the rising edge of the
delayed clock signal on signal path 668, latch 670 outputs a
logic high level signal on D 1c signal path 672 and a logic
low level signal on D, 2c¢ signal path 674. If the rising edge
of the delayed clock signal on signal path 668 arrives to the
input of latch 670 before the rising edge of the delayed clock
signal on signal path 664, latch 670 outputs a logic low level
signal on D, 1c signal path 672 and a logic high level signal
on D 2c¢ signal path 674. Latch 670 maintains the output
signals on D, 1c¢ signal path 672 and D, 2c signal path 674
until another evaluation 1s performed.

Reterence circuit 600 outputs the V. ¢¢ signal to inverter
chain 682 through signal path 618. The V .. signal is

received by inverter chain 682 and controls inverter chain
682. Inverter chain 682 receives the CLK signal through

CLK signal path 122 as an mput. Based on the V ¢ signal
received from reference circuit 600, the CLK signal 1s
delayed as it propagates through inverter chain 682. Inverter
chain 682 outputs a delayed clock signal, which 1s propor-
tional to the V . signal received from reference circuit
600, to latch 690 through signal path 684.

Test circuit 1504 outputs the V ,, signal to inverter chain
686 through signal path 1525. The V ,,, signal 1s received by
inverter chain 686 and controls imnverter chain 686. Inverter
chain 686 receives the CLK signal through CLK signal path
122 as an input. Based on the V ,, signal received from test
circuit 15056, the CLK signal 1s delayed as 1t propagates
through 1nverter chain 686. Inverter chain 686 outputs a
delayed clock signal, which 1s proportional to the V . signal

received from test circuit 1505, to latch 690 through signal
path 688.

Latch 690 recerves the delayed clock signal from inverter

chain 682 through signal path 684 and the delayed clock
signal from 1inverter chain 686 through signal path 688. I the
rising edge of the delayed clock signal on signal path 684
arrives to the input of latch 690 before the rising edge of the
delayed clock signal on signal path 688, latch 690 outputs a
logic high level signal on D, 1d signal path 692 and a logic
low level signal on D 2d signal path 694. It the rising edge

of the delayed clock signal on signal path 688 arrives to the
input of latch 690 before the rising edge of the delayed clock
signal on signal path 684, latch 690 outputs a logic low level
signal on D, 1d signal path 692 and a logic high level signal
on D,2d signal path 694. Latch 690 maintains the output
signals on D, 1d signal path 692 and D 2d signal path 694

until another evaluation 1s performed.

Table II below indicates the values for D 1a, D 2a, D, 1b,
Dp2b,, D, Ic, D, 2c, Dpldj and Dp2d based on the value of
V- A 07 Indicates a logic low level and a “1” indicates a
logic high level. The outputs indicating the process for pFET
408 are passed to OCD 112 or other circuits to adjust the

circuits based on the process.
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IFastest
Fast
Nominal
Slow

TABLE 11
VoM D,la Dj2a Djlb D2b D,lc Dj2c D,ld D,2d Process
V>V 0 1 0 1 0 1 0
pM pREF
Vorer > Vpom > Vre | 0 0 1 0 0
Vorr > VoM > Vigrs 0 0 0 1 0
VPR‘S > VPM > VpR‘S‘S U 0 1 g ()
VPM < VpRSS 0 0 1 () 1

The evaluation circuits described herein enable high
speed evaluation of the process and voltage characteristics
of a semiconductor chip. The information obtained from the
evaluation circuits can be used to adjust the semiconductor
chip to compensate for any eflects due to vanations in the
process or voltage characteristics.

What 1s claimed 1s:

1. An evaluation circuit comprising;:

a test circuit configured to provide a test voltage indica-

tive ol a characteristic of a semiconductor device;

a reference circuit configured to provide a first reference

voltage;

a first delay circuit configured to convert the test voltage

into a first delay;

a second delay circuit configured to convert the first

reference voltage nto a second delay; and

a first latching circuit configured to determine a relation-

ship between the first delay and the second delay.

2. The evaluation circuit of claim 1, wherein the charac-
teristic of the semiconductor device 1s a characteristic of a
transistor 1n the semiconductor device.

3. The evaluation circuit of claim 2, wherein the transistor
1s one of a negative channel field eflect transistor and a
positive channel field effect transistor.

4. The evaluation circuit of claim 2, wherein the charac-
teristic of the transistor 1s a process of the transistor.

5. The evaluation circuit of claim 1, wherein the charac-
teristic ol the semiconductor device 1s a supplied voltage
level.

6. The evaluation circuit of claim 1, wherein the test
circuit comprises a voltage divider.

7. The evaluation circuit of claim 1, wherein the reference
circuit comprises one of a current source and a voltage
source.

8. The evaluation circuit of claim 1, wherein the first delay
circuit comprises a current starved iverter controlled by the
test voltage, the current starved inverter having a clock
signal mput and a delayed clock signal output indicative of
the test voltage.

9. The evaluation circuit of claam 1, wherein the second
delay circuit comprises a current starved mverter controlled
by the first reference voltage, the current starved inverter
having a clock signal input and a delayed clock signal output
indicative of the first reference voltage.

10. The evaluation circuit of claim 1, wherein the test
circuit comprises a first resistor for dividing an internal
voltage and the reference circuit comprises a second resistor
for dividing the internal voltage.

11. The evaluation circuit of claim 10, wherein the first
resistor and the second resistor have a same resistance value.

12. The evaluation circuit of claim 1, wherein the first
latching circuit comprises a NAND latch.

13. The evaluation circuit of claim 1, wherein the first
latching circuit 1s configured to latch a signal indicating
which one of the first delay and the second delay is shorter.
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14. The evaluation circuit of claim 1, wherein the refer-
ence circuit 1s configured to provide a second reference
voltage, the evaluation circuit further comprising:

a third delay circuit configured to convert the second

reference voltage mto a third delay; and

a second latching circuit configured to determine a rela-

tionship between the first delay and the third delay.

15. The evaluation circuit of claim 14, wherein the
reference circuit 1s configured to provide a third reference
voltage and a fourth reference voltage, the evaluation circuit
turther comprising;:

a fourth delay circuit configured to convert the third

reference voltage into a fourth delay;

a fifth delay circuit configured to convert the fourth

reference voltage nto a fifth delay;

a third latching circuit configured to determine a relation-
ship between the first delay and the fourth delay; and

a fourth latching circuit configured to determine a rela-
tionship between the first delay and the fifth delay.

16. The evaluation circuit of claim 15, wherein the first
reference voltage indicates a first process for the character-
1stic of the semiconductor device, the second reference
voltage indicates a second process for the characteristic of
the semiconductor device, the third reference voltage indi-
cates a third process for the characteristic of the semicon-
ductor device, and the fourth reference voltage indicates a
fourth process for the characteristic of the semiconductor
device.

17. The evaluation circuit of claim 16, wherein the first
process 1s slower than the second process, the second
process 1s slower than the third process, and the third process
1s slower than the fourth process.

18. A semiconductor process evaluation circuit compris-
ng:
A first test circuit configured to receive an external
voltage and provide a first signal indicative of the
external voltage;

a first current starved inverter chain controlled by the first
signal, the first current starved inverter chain config-
ured to receive a clock signal and provide a first
delayed clock signal indicative of the first signal;

a first reference circuit configured to provide a second
signal indicative of a nominal value for the first signal;

a second current starved inverter chain controlled by the
second signal, the second current starved inverter chain
configured to receive the clock signal and provide a
second delayed clock signal indicative of the second
signal;

a second test circuit configured to provide a third signal
indicative of a process ol a transistor;

a third current starved inverter chain controlled by the
third signal, the third current starved inverter chain
configured to recerve the second delayed clock signal
and provide a third delayed clock signal indicative of
the third signal and the second signal;
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a second reference circuit configured to provide a fourth

signal indicative of a nominal value for the third signal;

a Tfourth current starved inverter chain controlled by the

fourth signal, the fourth current starved inverter chain
configured to receive the first delayed clock signal and
provide a fourth delayed clock signal indicative of the
fourth signal and the first signal; and

a latch configured to receive the third delayed clock signal

and the fourth delayed clock signal and determine
whether the third delayed clock signal 1s delayed less
than the fourth delayed clock signal.

19. The semiconductor process evaluation circuit of claim
18, wherein the transistor 1s one of a negative channel field
ellect transistor and a positive channel field effect transistor.

20. A process detector comprising:

means for providing a test voltage indicative of a char-

acteristic of a semiconductor device;

means for converting the test voltage into a first delay;

means for providing a first reference voltage;

means for converting the first reference voltage into a

second delay;

means for determining a relationship between the first

delay and the second delay

means for providing a second reference voltage;

means for converting the second reference voltage to a

third delay; and

means for determining a relationship between the first

delay and the third delay.

21. A method for evaluating a characteristic 1n a semi-
conductor device, the method comprising;:

generating a test voltage indicative of a characteristic of

a semiconductor device;

generating a first reference voltage;

converting the test voltage mnto a first delayed clock signal

indicative of the test voltage;

converting the first reference voltage into a second

delayed clock signal indicative of the first reference
voltage; and
determining which of the first delayed clock signal and
the second delayed clock signal 1s delayed less,

wherein determining which of the first delayed clock
signal and the second delayed clock signal 1s delayed
less comprises latching the first of the first delayed
clock signal and the second delayed clock signal to
transition to a logic high level.

22. The method of claim 21, wherein the characteristic of
the semiconductor device 1s a supplied voltage to the semi-
conductor device.

23. The method of claim 21, wherein the characteristic of
the semiconductor device 1s a characteristic of a field eftect
transistor 1n the semiconductor device.

24. The method of claim 21, wherein converting the test

voltage 1nto a first delayed clock signal comprises delaying,
a clock signal through a current starved inverter controlled

by the test voltage.

25. The method of claim 21, wherein converting the first
reference voltage mto a second delayed clock signal com-
prises delaying a clock signal through a current starved
inverter controlled by the first reference voltage.

26. The method of claim 21, further comprising:

generating a second reference voltage;

converting the second reference voltage into a third

delayed clock signal indicative of the second reference
voltage; and

determining which of the third delayed clock signal and

the first delayed clock signal 1s delayed less.
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27. A memory system comprising;:
a process detector circuit comprising:

a test circuit configured to provide a test voltage
indicative of one of a voltage and process charac-
teristic of a semiconductor device;

a relerence circuit configured to provide a reference
voltage;

a first delay circuit including a first current starved
inverter controlled by the test voltage, the first delay

circuit configured to convert the test voltage into a
first delay;

a second delay circuit including a second current
starved 1nverter controlled by the reference voltage,
the second delay circuit configured to convert the
reference voltage 1mnto a second delay; and

a latching circuit configured to determine a relationship
between the first delay and the second delay;

an ofl chip driver circuit configured to be adjusted based
on the relationship between the first delay and the
second delay; and

a dynamic random access memory configured to commu-
nicate with the off chip driver.

28. The memory system of claim 27, wherein the random
access memory comprises a synchronous dynamic random

access memory.

29. The memory system of claim 27, wherein the memory
comprises a double data rate synchronous dynamic random
access memory.

30. A method for evaluating a characteristic in a semi-
conductor device, the method comprising:

generating a test voltage indicative of a characteristic of
a semiconductor device;
generating a first reference voltage;

converting the test voltage 1nto a first delayed clock signal
indicative of the test voltage;

converting the first reference voltage into a second
delayed clock signal indicative of the first reference
voltage; and

determining which of the first delayed clock signal and
the second delayed clock signal 1s delayed less,

wherein converting the test voltage into a first delayed
clock signal comprises delaying a clock signal through
a current starved inverter controlled by the test voltage.

31. A method for evaluating a characteristic in a semi-
conductor device, the method comprising:

generating a test voltage indicative of a characteristic of
a semiconductor device;

generating a first reference voltage;

converting the test voltage 1nto a first delayed clock signal
indicative of the test voltage;

converting the first reference voltage into a second
delayed clock signal indicative of the first reference
voltage; and

determining which of the first delayed clock signal and
the second delayed clock signal 1s delayed less,

wherein converting the first reference voltage mto a
second delayed clock signal comprises delaying a clock
signal through a current starved inverter controlled by
the first reference voltage.

32. A method for evaluating a characteristic in a semi-
conductor device, the method comprising:

generating a test voltage indicative of a characteristic of
a semiconductor device;

generating a first reference voltage;
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converting the test voltage into a first delayed clock signal converting the second reference voltage mto a third
indicative of the test voltage: delayed clock signal indicative of the second reference

converting the first reference voltage into a second

delayeq clock signal indicative of the first reference determining which of the third delayed clock signal and
voltage; and 5

determining which of the first delayed clock signal and the first delayed clock signal 1s delayed less.

the second delayed clock signal 1s delayed less;
generating a second reference voltage; £k ok k%

voltage; and
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